A simple method for preparing chromatin assembly extracts has not been available for budding yeast. Here I describe such a method in detail. The assembly extract, a crude 100,000g supernatant, is prepared from cells disrupted in a manual or motorized grinder while they are frozen. The core histones and all soluble protein factors required for chromatin assembly under physiological conditions are present in the extract. Assembly is sensitive to mutation of lysine residues in the amino-terminal tail of histone H4 whose acetylation is associated with nucleosome deposition in vivo. The reaction is ATP-dependent, and assembly-driven DNA supercoiling occurs with the same efficiency as in extracts from mammalian somatic cells. This simple system offers a unique opportunity to analyze chromatin metabolism by a combined biochemical and genetic approach that is not feasible for any other model organism.
The fundamental building block of chromatin is the nucleosome, comprised in yeast of approximately 165 bp of DNA wrapped around a protein core made up of histones H2A, H2B, H3 and H4. Because the organization of DNA into chromatin has profound implications for many aspects of DNA metabolism, a considerable effort has been directed towards understanding the organization of the nucleosome and how the biochemical machineries involved in transcription, replication and DNA repair interact with chromatin. As a result the structure of the nucleosome is now known in atomic detail (1) and a number of activities that remodel nucleosomes have been identified at the molecular level.
Our knowledge of the process of chromatin assembly, on the other hand, is less complete. Two pathways of assembly have been identified (2) . One pathway, the "replication-dependent" pathway, is active in the context of ongoing replication. The second "replication-independent" pathway occurs on double-stranded DNA independently of replication. Protein factors that are active in one or both of these pathways under physiological conditions in vitro have been described (3) (4) (5) (6) . However their functions in vivo, one as compared to the other, and the physiological relevance of the distinction between replication-dependent and replication-independent assembly pathways, remain somewhat controversial.
As a model system Saccharomyces cerevisiae has proven invaluable for the analysis of complex biochemical mechanisms, in particular because sophisticated genetic techniques provide avenues for the manipulation of gene products that are impossible or very difficult in other systems. The advantages of combined biochemical and genetic analysis in yeast however have not been exploited to characterize chromatin assembly because a simple in vitro system for nucleosome reconstitution has not been available for this organism. We have recently developed such a system (7) and here describe critical aspects of a method for preparing crude yeast extracts that support chromatin assembly and transcription by RNA polymerases I, II and III.
PRINCIPLE OF THE METHOD

Critical aspects of extract preparation
The most important feature of our method for preparing a yeast chromatin assembly extract is the choice of a strategy for disrupting cells that minimizes post-translational modification of factors of interest during cell breakage; this strategy is the disruption of cells while they are frozen (8, 9) . By keeping the cells frozen during breaking, it is expected that proteolysis and changes in the state of, for example, protein phosphorylation and acetylation, will be minimized.
Two additional procedures are important in preparing the extract (10) . The first is thorough washing of cells after harvesting in order to remove all the culture medium, including macromolecules of yeast origin. The second is the inclusion of a cocktail of protease inhibitors in the final wash buffer and in the buffer used for protein extraction. The application of the simple method described here provides a whole cell extract containing all soluble factors required for chromatin assembly and transcription by RNA polymerases I, II and III.
Molecular components of the assembly reaction
The methods described here pertain to the preparation and use of a yeast extract to study replication-independent chromatin assembly. Because yeast, unlike Drosophila embryonic cells and early developmental stes of Xenopus, apparently does not stockpile components of the assembly machinery at any stage of the life cycle, the reconstitution capacity of yeast extracts is similar to extracts from mammalian somatic cells rather than to extracts from germline/early embryonic cells of Drosophila and Xenopus.
Biochemical analysis of mutants has provided some insight into the molecular requirements for assembly in the yeast system. The reaction is impaired in extracts from cells conditionally expressing mutant versions of histone H3 and H4 lacking their aminoterminal tails, which include conserved lysine residues whose acetylation is associated with nucleosome assembly in vivo (11) . Mutations in the amino-terminal tail of histone H4 that block the acetylation of these residues also impair assembly in the extract (12) . These observations demonstrate that the extract supports a physiologically relevant pathway of chromatin assembly.
We have not yet fully characterized the assembly factors that are active in the extract. Depending upon the genetic background, assembly in vitro is sensitive to deletion of the MSI1 subunit of chromatin assembly factor-I (CAF-I; 5). Deletion of NAP1, a possible replication-independent assembly factor (13-15), however has no effect on assembly.
We have detected chromatin assembly coupled to second strand synthesis of a singlestranded circular template in this extract, however the reaction is inefficient because much of the template fails to be completely replicated. In the future it may be necessary to supplement the reaction with purified components of the yeast replication machinery in order to obtain complete second strand synthesis coupled to assembly.
Adapting the approach for a combined biochemical and genetic analysis of chromatin assembly
A significant advantage of yeast as a model organism is that biochemical analysis can be applied to genetically manipulated cells. This advantage is often exploited by measuring the activity of interest in parallel, small-scale extracts from multiple strains under a variety of culture conditions. The approach of disrupting cells while they are frozen has been of limited use in such cases because cells had to be broken by manual grinding in a mortar and pestle. We have overcome this limitation by adapting household kitchen coffee mills for breaking cells in the presence of dry ice as the coolant. A small electric coffee mill will grind 1 to 3 g of cells in a single run. Manual grinding in a mortar and pestle, using liquid nitrogen as the coolant, is preferable when the experimental approach dictates the use of 1 g or less of cells.
Adapting the approach for large-scale biochemical analysis of chromatin assembly
Large scale biochemical analysis is an attractive option in yeast because cells can be easily grown in large quantities and disruption of frozen yeast cells in 500 g batches using a Waring Blendor has been reported (8, 9) . In our hands, however, cell breakage is relatively inefficient using a Waring Blendor. We therefore adapted a motorized mortar and pestle for cell breakage in the presence of liquid nitrogen. Using a motorized mortar and pestle it is possible to grind 5 to 50 g of cells at a time.
DETAILS OF THE METHOD
Extracts are prepared in four steps: 1) harvesting, washing and freezing the cells, 2) breaking the frozen cells, 3) extracting the broken cells with low-salt buffer, and 4) preparation and dialysis of 100,000g supernatant, to yield the assembly extract. The scale of extract preparation dictates the choice of method for cell grinding (Fig. 1) .
HARVESTING, WASHING AND FREEZING THE CELLS
Introductory comments
Wild type cells can be harvested at any stage of the growth cycle in liquid culture. As noted above, it is critical to remove all the culture medium, and to wash the cells in buffer containing proteinase inhibitors, prior to freezing. All operations are performed in a cold room if it is desirable to minimize metabolic activity during harvesting.
Reagents and solutions
Yeast Extraction Buffer (YEB): 100 mM Hepes-KOH (pH 7.9), 245 mM KCl, 5 mM EGTA, 1 mM EDTA, 2.5 mM dithiothreotol (DTT; added fresh from 1 M stock). Complete proteinase inhibitor cocktail: see Table 1 . The listed inhibitors are added fresh to YEB.
Procedure
1. Cultures grown to the desired density are poured into cooled centrifuge bottles through a bed of crushed ice (from any standard laboratory ice maker) in a polypropylene Büchner filter funnel. Harvest the cells by spinning at 4,000 rpm for 4 min (Sorvall RC3C centrifuge, H6000A rotor). All subsequent operations are performed on ice with ice-cold water/buffers.
2. Resuspend the cells in distilled water (at least 2 ml per g wet weight of cells; wet weight estimated from density in liquid culture, given 1.5 x 10 10 cells ~ 1 g) and spin in a pre-weighed capped tube. Decant the water and determine the actual wet weight of the cell pellet.
3. Wash the cells twice more, in each case using 1.3 ml of YEB plus DTT per g wet weight of cells; cells are resuspended in buffer by dispersing the pellet with the tip of a glass pipette and by vigorous vortexing. The complete proteinase inhibitor cocktail is included with DTT in the YEB used for the final wash.
4. For freezing, the final cell pellet (a paste) is extruded from a single-use plastic syringe into liquid nitrogen. A standard slip or lock-tip syringe for use with injection needles is employed, although no needle is attached. Use a 3 ml syringe for up to 3 g of cells, a 5 ml syringe for 3-10 g of cells, a 10 ml syringe for 10-20 g of cells, and a 30 ml syringe for greater amounts. It may be necessary to re-load the syringe in order to freeze all the cells that have been harvested. Scoop the yeast paste out of the centrifuge tube and scrape it into the barrel of a cooled syringe using a stainless steel spoon-spatula. Then insert the plunger and extrude the paste slowly into liquid nitrogen; the resulting "noodles" are stored at -70˚C. We have obtained fully active extracts from noodles stored at -70˚C for 5 years. Up to 15 g of noodles from small scale cultures can be frozen in a single 50 ml screw-capped plastic tube, as follows. Cover a 250 ml beaker with aluminum foil and poke a hole in the foil to accommodate the plastic tube. Pour liquid nitrogen into the beaker to a depth of about 3 cm and place the tube in the beaker. Fill the tube with liquid nitrogen and extrude the noodles directly into the tube (be careful, the nitrogen will boil vigorously). Do not hold the syringe too close to the tube or the yeast paste will freeze in the tip of the syringe.
EXTRACT PREPARATION
Reagents and solutions YEB as above. Yeast Dialysis Buffer I (YDBI): 20 mM Hepes-KOH (pH 7.9), 50 mM KCl, 5 mM EGTA, 0.05 mM EDTA, 2.5 mM DTT, 20% glycerol (DTT added fresh). YDBI plus minimal proteinase inhibitor cocktail: YDBI, 0.2 mM PMSF, 0.5 mg/ml leupeptin (DTT and proteinase inhibitors added fresh).
BREAKING THE FROZEN CELLS
Overview
The strategy for breaking the cells is chosen on the basis of the quantity of cells to be processed (Fig. 1) . As an indication of breaking efficiency we report the expected protein concentration of the extract for each method of breaking the cells. Extracts produced by all methods are competent for chromatin assembly and transcription by RNA polymerases I, II and III, although polymerase II transcription is more efficient in extracts made from cells ground under liquid nitrogen in a mortar and pestle (manual or motorized) than in extracts made in coffee mills with dry ice as the coolant.
Cell breakage is always performed in a cold room. It is important when setting up for grinding to choose a beaker for collecting the powder that will provide for rapid thawing; the powder should form a thin, even layer covering the bottom of the beaker. For example, use a 250 ml beaker for extracts from 1-3 g of cells and a 500 ml beaker for extracts from 3-10 g of cells. Break the noodles into fragments (1-10 mm long) by vigorously shaking them in the plastic storage tube. Then, using a benchtop balance at room temperature, weigh the required amount of frozen noodles into a beaker pre-cooled on dry ice (work quickly).
BREAKING CELLS MANUALLY IN A PORCELAIN MORTAR AND PESTLE (15-45 mg/ml protein in final extract).
Introductory comments
A mortar and pestle can be used to process 0.2 to 5 g of cells at a time; 0.2 to 1 g should be ground in a 4.5 inch outer diameter mortar (115 mm; Coors #60319) and matching pestle (#60320), while larger batches are ground in a 5 inch (130 mm; #60322) mortar and #60323 pestle. Wear cryogenic gloves. Note that the grinding process may be interrupted at any stage by returning the cells and mortar and pestle to a -70˚C freezer.
Procedure
1. Pre-cool the mortar and pestle overnight at -70˚C. With the pestle in the mortar, half fill the mortar with liquid nitrogen and immediately add the noodles. Initially reduce the noodles to a coarse powder by grinding under liquid nitrogen with a rocking motion of the pestle (the nitrogen prevents noodle fragments from being projected out of the mortar when they are cracked).
2. Replenish the nitrogen if it has been more than 30 sec since it boiled off. The nitrogen must be added carefully, as follows, or its boiling will produce an aerosol of yeast powder. Rest the pestle in the center of the mortar. Pour the nitrogen down the wall of the mortar, then hold the tip of the pestle in the nitrogen to cool it completely. Some powder will have stuck to the mortar wall; use the pestle to wash it off with nitrogen. Keep the tip of the pestle in the nitrogen until it has boiled off.
3. Carefully break up the cake of powder (do not grind hard immediately, or the residual nitrogen will boil vigorously and powder will be lost).
4. Commence grinding using moderate pressure mostly against the wall of the mortar as the pestle is driven in a circumferential path around the mortar. Sixty circumferential passes of grinding will adequately break 5 g of cells. After 15-20 passes it will be necessary to replenish the nitrogen.
5. Once the grinding is done, replenish the nitrogen and wash all the powder to the bottom of the mortar. Using a stainless steel spoon-spatula cooled on dry ice, scrape the powder towards the lip of the mortar. Tip the lip of the mortar down as this is done. Then scrape the powder into a cooled beaker.
BREAKING CELLS IN A COFFEE MILL (10-30 mg/ml protein in final extract).
Introductory comments
Standard kitchen coffee mills for household use (models that can be run hand-held or on the counter-top) are inexpensive and break frozen yeast cells quite efficiently when dry ice is used as the coolant (Fig. 2) . One investigator can prepare up to six extracts in a single experiment using six mills. The Moulinex model 843 coffee mill (85 g capacity), which has a chrome outer jacket, works particularly well for the purpose of breaking yeast cells and lasts longer (about 40 extracts) than six other brands we have tried. This mill is sold in the U.S.A. as the Krups "Chrome Touch" coffee grinder (3 oz. capacity). Contact Krups North America, Closter, N.J. (1-800-526-5377). For reasons that are not clear to us, a Waring Blendor fitted with a chamber similar in size to that of a hand-held coffee mill does not break yeast cells very efficiently. 
Procedure
1. Measure approximately 80 ml of dry ice nuggets (from any commercial supplier; typically 1.5 cm wide x 3 cm long) in a beaker and add to the bowl of a single mill. Put the lid on and run the mill until the dry ice has been reduced to a powder (about 10 sec); this cools the bowl and lid.
• An important safety issue. During grinding, pressure builds up in the bowl of the mill as the dry ice sublimates. To avoid the risk of an explosion, DO NOT hold the lid down with an elastic band or a mechanical clamp. Adequate venting of gas will occur with the lid held in place by its own locking mechanism.
2. Check that the amount of dry ice powder in the bowl is optimal for grinding, i.e. enough that the yeast powder does not thaw during grinding, but not so much that it will take a long time for the dry ice to sublimate once grinding is complete. For the Moulinex model 843 mill, the powder should just cover the blade but not the top of the pin that supports the blade (Fig. 2) . The amount of dry ice that is appropriate for others brands of mill will have to be determined empirically.
3. Add 1 to 3 g of frozen yeast noodles. Set the mill on a bench top and run continuously for 5-6 min (jam a metal spatula in the space between the "on/off" button and the lid so that the button is kept depressed). A frozen powder will be produced; it will be a light fawn color if most of the dry ice has sublimated and whitish if a large amount of dry ice remains. Note that if the powder thaws during grinding the extract will not be active; start over again.
4. Once grinding is complete, quickly unplug the mill and invert it so that the powder collects in the lid (tap the mill very firmly to loosen all the powder). Remove the lid and immediately tip the contents into a beaker. Thaw the powder and proceed with extraction as below.
5. To clean the metal bowl of the mill, invert it in a sink and direct a hard spray of deionized water into the bowl. Drain the bowl, add a small amount of distilled water and then wipe out the bowl thoroughly with a cloth or paper towel. Then do a similar cleaning using alcohol.
Update. If significant powder is lost (vented) during grinding then it may be necessary to determine the yield by weighing the powder before adding extraction buffer.
BREAKING CELLS IN A MODEL RM100 MOTORIZED MORTAR GRINDER (20-40 mg/ml protein in final extract).
Introductory comments
The model RM100 Mortar Grinder manufactured by Retsch Ltd. is a mortar and pestle in which the rotation of the mortar, driven by an electric motor, provides the force for grinding (Fig. 3) . A variety of interchangeable mortar and pestle sets is available for the Mortar Grinder. The set made of hardened chrome steel is preferred because this material will not crack upon the addition of liquid nitrogen. The Mortar Grinder can process from 5 to 50 g of cells in a single batch when fitted with the hardened chrome steel mortar and pestle. Fifty g batches can be processed in succession for very large scale preparations. Note that model RM100 supersedes model RM0; the machines however have identical technical specifications and use the same grinding sets. Retsch products are distributed in North America by Brinkmann Instruments. Otherwise contact: Retsch GmbH and Co. KG, Rheinische Strasse 36, D-42781, Haan, Germany (http://www.Retsch.de/index_e.html).
Procedure
1. The Mortar Grinder is stored at room temperature to keep the bearing grease fluid, whereas the mortar and pestle are pre-cooled overnight in a -20˚C freezer. Take the machine into the cold room and run it without the grinding set for 5 min, then mount the mortar and pestle.
2. Restart the motor, open a Plexiglas port on the lid of the grinder, and add liquid nitrogen followed by the cells. Grind for the appropriate period of time (below), topping up with liquid nitrogen as needed (about every 2 min).
3. The liquid nitrogen must be added in a slow drizzle through a funnel to minimize boiling (quite a lot of yeast powder will be lost unless you are very careful). Note that caking of powder on the bottom of the pestle can cause it to stop rotating. If the pestle is catching intermittently, try adjusting the pestle pressure. Should the problem persist and the mortar stop rotating, turn the machine off immediately (or the fuse will blow) and dislodge the caked powder by scraping with a cooled stainless steel spoon-spatula.
4. Grinding takes 5 to 15 min, the longer period being required for large amounts of cells, and in cases where a cake of powder builds up on the bottom of the pestle. Once grinding is complete, remove the mortar and collect the frozen powder in a large cold beaker and proceed with extraction as below.
5. The mortar and pestle will rust unless they are cleaned with distilled water and alcohol after use.
EXTRACTING THE BROKEN CELLS
Introductory comments
Following disruption, the powder of broken cells is thawed in a beaker and extracted with ice-cold buffer containing proteinase inhibitors. Thawing will be prolonged if the powder is piled up in the collecting beaker as opposed to being spread evenly over its bottom, and if the yeast powder is very cold (when liquid nitrogen is used during grinding). For these reasons, large beakers are used to collect the frozen powder (e.g. 250 ml beaker for 1-3 g of cells), and we typically warm the beaker in our hands to promote thawing. Extraction buffer is mixed into the powder when it begins to thaw.
Note that the extraction buffer is only 245 mM KCl. In our experience assembly activity is not improved by extracting with higher salt concentrations or with different salts (e.g. NaCl, potassium glutamate, ammonium sulfate).
Procedure
1. Add 1.3 ml extraction buffer (YEB with DTT and complete proteinase inhibitor cocktail added fresh) per g of frozen noodles.
2. Stir the buffer into the powder and draw the mixture up and down in a pipette tip or glass pipette to disperse any clumps of frozen powder. Avoid generating bubbles during this procedure to minimize protein denaturation. The thawed powder is somewhat stringy owing to the release of chromatin from the cells.
PREPARING THE 100,000g SUPERNATANT Procedure 1. Centrifuge 2 h at 100,000g (4˚C) in a swinging bucket rotor (e.g. 27,000 rpm in a Beckman SW 55 Ti rotor). This centrifugation will yield a large pellet, a translucent, yellowish supernatant (pink from some Ade -strains), and a loose pellicle of lipid floating on top of that.
2. Collect the supernatant using tube puncture. Puncture the tube from the side, no closer than 3 mm from the top of the pellet. In some cases the centrifugation will resolve a discrete but very thin band of opaque white material somewhere between the pellet and lipid pellicle. This is collected as part of the supernatant.
3. Dialyze for 4 h at 4˚C against 50 volumes of YDBI (DTT and minimal proteinase inhibitor cocktail added fresh; 6-8 kDa molecular weight cutoff dialysis tubing), then flash freeze in liquid nitrogen. A fine precipitate will be evident in some extracts after the dialysis; it is not removed prior to freezing.
4. The protein concentration of the extract is determined by the dye-binding assay of Bradford (16) using bovine serum albumin as the standard.
REMOVAL OF CHROMATIN AND RNA FROM THE FINAL EXTRACT
Introductory comments
The extract contains a variable amount of RNA and DNA (7). Mature 18 and 28S ribosomal RNAs are clearly evident when the total nucleic acid content of 50 µg of extract protein is resolved by native agarose gel electrophoresis and stained with ethidium bromide (RNA sizing in reference 17). Smaller RNA species, including tRNAs, are also present. The rapidly processed introns of tRNAs are readily detected by S1 nuclease protection analysis of total nucleic acids isolated from the extract (not shown; see 28 for probing methods), suggesting that labile RNA species remain intact. Double-stranded DNA (up to 3.5 µg of DNA per ml of extract) is recovered mostly as chromatin (7) . Much of this DNA, after deproteinization, runs at the limit of resolution of standard native agarose gels (above 23 kbp). Although high molecular weight nucleic acids are present in the extract, the DNA/RNA content is more variable between extracts than between total nucleic acid preparations made according to dedicated protocols. For this reason we do not use the extract as a source of RNA to study transcriptional regulation (28) .
While it does not substantially inhibit or enhance assembly as assayed by plasmid supercoiling, the contaminating cellular chromatin can be removed from the dialyzed extract. Note that a freeze-thawing cycle is required to promote the aggregation of soluble chromatin fibers in order that they can be removed by centrifugation. Because assembly activity is lost upon freeze-thawing, extracts should be discarded after two freezings.
Procedure
1. All steps are performed at 4˚C. Thaw the dialyzed extract on ice. 2. If a precipitate appears, remove it by spinning for 10 min at 16,000 x g in a microcentrifuge.
3. The most rigorous method for removing cellular chromatin involves precipitation with MgCl 2 followed by centrifugation. In this case the thawed extract is made 2.5 mM MgCl 2 and then spun at 60,000 x g for 10 min (e.g. 26,000 rpm in a Beckman F2402 rotor, Avanti 30 centrifuge).
RNA is removed from the extract by digestion with RNase A immobilized on acrylic beads (7, 18 
CHROMATIN ASSEMBLY REACTIONS AND ANALYSIS OF DNA PRODUCTS
Introductory comments
The assembly properties of an extract are initially tested by DNA supercoiling, varying reaction time and protein amount to determine the optimum reaction conditions. Yeast extracts potentially contain a variety of DNA supercoiling activities whose function is unrelated to chromatin assembly (e.g. 19, 20) . For this reason it is important to confirm that the supercoiling reaction corresponds to chromatin assembly by an independent assay. For example, supercoiling in a limiting amount of extract should be stimulated by added histones if the reaction is due to chromatin assembly, and nucleosome reconstitution should be detectable by micrococcal nuclease digestion analysis.
ATP is required for efficient assembly in vitro (7) . Although some extracts contain sufficient endogenous ATP for the reaction to proceed efficiently, we routinely include an ATP regeneration system in the reaction cocktail.
Reagents and solutions
10x Chromatin Assembly Buffer (CAB): 75 mM MgCl 2 , 10 mM DTT, 0.5 mM EDTA 20x ATP; 60 mM in water, adjusted to pH 7.5 20x creatine phosphate: 400 mM in 1 mM Tris-HCl (pH 7.5) 20x creatine phosphokinase: 2 µg/ml in 1 mM Tris-HCl (pH 7.5) Template: relaxed, closed circular form of double-stranded plasmid DNA. For standard 20 µl supercoiling reactions we use a mixture of internally labeled (1 part) and unlabeled (4 parts) relaxed plasmid. The final concentration of this "hot/cold" template mix is 10 ng DNA/µl TE (10 mM Tris-HCl [pH 7.5], 1 mM EDTA) for plasmids of approximately 3 kbp. Typically we use pBluescript KS+II (Stratagene). Unique radio-labeling of pBluescript at Hind III is performed according to Razvi et al. (21) . For Southern blotting the template is unlabeled, relaxed plasmid DNA (pBluescript or similar). The DNA is relaxed with calf DNA topoisomerase I (BRL) by incubating 50 µg supercoiled plasmid with 50 units of enzyme for 1 h at 37˚C in a total volume of 100 µl buffer containing 50 mM Tris-HCl (pH 8), 50 mM NaCl, 1 mM EDTA (pH 8), 1 mM DTT, 1% glycerol. The plasmid is extracted with phenol and chloroform (diluted 24:1 with isoamyl alcohol) and ethanol precipitated before use. RNase A, DNase free: 10 mg/ml in water Proteinase K: 10 mg/ml in water (BRL, Fungal, 20 units/mg) tRNA: 10 mg/ml in water (CALBIOCHEM, yeast) Micrococcal nuclease: 0.5 units/µl in YDBI with DTT (Sigma N 3755).
DNA SUPERCOILING ASSAY
Introductory comments
Standard supercoiling reactions are performed in 20 µl final volume with 25-250 µg extract protein. All reaction components are added on ice.
Procedure
1. Dilute the required volume of extract to 13 µl by adding YDBI (with DTT). 2. Add stock solutions as follows: 10x CAB, 2 µl; 20x ATP, 1 µl; 20x creatine phosphokinase, 1 µl; 20x creatine phosphate; 1 µl; template (10 ng/µl), 2 µl. It is usually convenient to add the CAB, ATP, creatine phosphokinase and creatine phosphate in a 5 µl cocktail made up immediately before use. The final reaction is 13 mM Hepes-KOH (pH 7.9), 32.5 mM KCl, 3.25 mM EGTA and 13% glycerol, these components contributed entirely by the 13 µl extract. The final concentrations of DTT and EDTA are nominally 2.625 mM and 82.5 µM respectively.
3. Incubate at appropriate reaction temperature (30˚C for wild type strains). 4. Stop the reactions. For rapid screening purposes, reactions are stopped by vigorous mixing with 10 volumes of 0.3 M sodium acetate, 0.5% SDS, 10 mM EDTA, then extracted (phenol:chloroform:isoamyl alcohol, 25:24:1; chloroform:isoamyl alcohol, 24:1) and precipitated. Alternatively, to ensure uniform recovery of the template, 20 µl reactions are stopped with 5 µl of 2.5 g/100 ml Sarkosyl, 100 mM EDTA, then digested at 37˚C with 1 mg/ml proteinase K (30 min). After mixing with 200 µl of 0.3 M sodium acetate, 0.5% SDS, 10 mM EDTA, protein is extracted and the products are precipitated with 10 µg tRNA as carrier.
5. Resolve the products by native agarose gel electrophoresis using 0.8 or 1% agarose and TAE running buffer (50x stock, per liter: 242 g Tris, 57.1 ml glacial acetic acid, 100 ml 0.5 M EDTA [pH 8.0]). Improved resolution of topoisomers can be obtained by running long 1.5% agarose gels with Tris-glycine running buffer (5x stock, per liter: 30 g Tris, 144 g glycine). Two-dimensional gels are performed with 1.5% agarose and chloroquine at 8 and 24 µg/ml in the first and second dimensions respectively; the running buffer is TPE (10x stock, per liter: 108 g Tris, 15.5 ml 85% phosphoric acid 
Expected results
As monitored by standard native agarose gel electrophoresis of plasmid supercoiling, 100 µg of a typical extract will fully assemble 20 ng of plasmid DNA within 60 min (Fig. 4A) . A similar efficiency is reported for extracts from mammalian somatic cells (23, 24) . Up to 17 nucleosomes are expected to be accommodated on the ~3 kbp plasmid used in our assays. Sixteen topoisomers indeed are detected when the reaction products are resolved by two-dimensional agarose gel electrophoresis in the presence of chloroquine (Fig. 4B) . Note in Fig. 4B that the topoisomer distribution is quite broad. This pattern is typically obtained with even our most active extracts. A nucleosome destabilizing activity may contribute to the generation of this broad topoisomer distribution (see next section, Expected results).
MICROCOCCAL NUCLEASE DIGESTION ANALYSIS
Introductory comments
For micrococcal nuclease digestion we use a two-fold higher concentration of extract protein than is necessary for maximal supercoiling (as detected by standard agarose gel electrophoresis) and the reaction is scaled up 8-fold in volume, to 160 µl, so that 20 µl aliquots can be collected and stopped at 0, 1, 3, 5, 10, 20 and 40 min of digestion.
For any particular strain it may be necessary to screen a number of extracts in order to identify one that will generate nucleosome arrays detectable by micrococcal nuclease analysis. We vary the amount of nuclease rather than the temperature of the digestion in order to improve the pattern of digestion.
Procedure
1. Perform a scaled-up assembly reaction (e.g. 1200 µg extract protein in 160 µl for a typical extract).
2. To the 160 µl reaction add 9.6 µl of 0.1 M CaCl 2 and 7.04 µl micrococcal nuclease (0.5 units/µl). The amount of micrococcal nuclease is reduced 10-fold for digestions of naked DNA.
3. Digest at 37˚C. 4. Stop reaction aliquots at specified points in time course: at each time point remove a 20 µl aliquot and add it to 1.5 µl of 0.5 M EDTA in a separate tube. Process each tube individually as follows.
5. Add 5 µl of 2.5 g/100 ml Sarkosyl, 100 mM EDTA (25) and mix. 6. Digest at 37˚C with 200 µg/ml RNase A (0.5 µl stock; 15 min) followed by 1 mg/ml proteinase K (2.5 µl stock; 30 min).
7. Extract and precipitate the DNA. Carrier tRNA (10 µg/sample) is included in the precipitation for control reactions (no extract).
8. Resolve the products by electrophoresis in 1.5% agarose with Tris-glycine running buffer.
9. Detect the DNA by Southern blotting using Genescreen Plus (NEN) and 32 Plabeled pBluescript KS II probe prepared by random primed synthesis. The 123 bp ladder (BRL) used as marker is labeled with 32 P according to the manufacturer's recommendations. Bromophenol blue should not be included in the load buffer for nuclease digestion products because it somehow interferes with the detection of comigrating DNA.
Expected results
Protection of a 165 bp fragment corresponding to a yeast mononucleosome in vivo (26) is readily detected when circular (but not linear) plasmid DNA is used as a substrate (Fig. 5A) . While physiologically spaced nucleosomes are also detected in these assays, they are not prominent (Fig. 5B) . Because the crude extract does not assemble extensive nucleosome arrays, in our limited experience it has not been fruitful to study nucleosome remodeling in this system by micrococcal nuclease digestion analysis.
One goal of our ongoing work is to improve the quality of the micrococcal nuclease digestion ladders. In this regard we have varied the reconstitution and digestion conditions (e.g. amount of extract, time, temperature of assembly, addition of purified histones and/or Nap1p; amount and manufacturer of nuclease, time and temperature of digestion). These variations have not substantially improved the results. Considering that nucleosomes formed in extracts from Xenopus cells are less stable on linear than circular DNA, it may be that nucleosomes become unstable in yeast extract when linears are generated during micrococcal nuclease digestion (see reference 7).
Inclusion of 500 µg/ml poly-L-glutamic acid (MW 15,000-50,000; ICN) in the assembly reaction does significantly enhance the quality of the micrococcal nuclease digestion ladder (27) . This effect probably does not reflect nucleosome reconstitution by poly-L-glutamate, since under the buffer conditions used for reactions with whole cell extract, poly-L-glutamate on its own is unable to assemble purified yeast histones into chromatin (27) . As proposed by Banerjee and Cantor in their studies using a mammalian system (28), poly-L-glutamate may promote assembly in yeast cell-free extracts by counteracting an endogenous nucleosome destabilizing activity. We indeed have preliminary evidence for an ATP-dependent nucleosome destabilizing factor in the yeast extract. Analysis of its role in disrupting nucleosome arrays on linear templates is ongoing.
USING CONDITIONAL MUTANTS TO STUDY CHROMATIN ASSEMBLY IN VITRO
Overview
The ability to manipulate the biochemical composition of a yeast extract by using temperature sensitive (ts) mutants, or by conditional expression of proteins of interest, allows for analysis of chromatin assembly in vitro by a straightforward combined biochemical and genetic approach that is not available in other model organisms.
TEMPERATURE SENSITIVE MUTANTS
Introductory comments
As demonstrated in our studies of topoisomerase and DNA ligase function during chromatin assembly, biochemical assembly phenotypes resulting from the inactivation of temperature sensitive alleles are readily detected in this system (7, 27) . It is clear that most mutant proteins that confer a ts growth phenotype in yeast are inactive in extracts from cells grown at the permissive temperature. This is true in extracts prepared by conventional methods, or as described here (e.g. 29, 30) . Typically then it is not necessary to culture ts mutants at the restrictive temperature in order to detect an effect on assembly in vitro, in which case one minimizes the likelihood of detecting an abnormal pattern of assembly that is a downstream and indirect cellular response to aberrant metabolic events occurring at the restrictive temperature in vivo.
Procedure
The assembly capacity of extracts from control and conditionally mutant cells is assessed by plasmid supercoiling and, if appropriate, micrococcal nuclease digestion analysis. Since specific assembly activity as measured by supercoiling can vary between extracts made from the same batch of cells, we compare three sets of extracts as the starting point for an analysis. Wild type and mutant cells are harvested at the same density to control for possible growth effects.
Initially an extract is prepared from wild type and mutant cells grown to late log phase and then cultured for 2 h at the restrictive temperature. If the DNA supercoiling capacity of the mutant extract is different from the wild type, then extracts are prepared from cells harvested at the permissive temperature. This is repeated if the assembly difference between wild type and mutant extracts is maintained in permissive extracts. Should all three experiments reveal a significant effect on assembly in the mutant, then the protein of interest is likely to be involved in chromatin assembly. When an assembly phenotype is being analyzed in extracts from cells cultured at the restrictive temperature, an important control is to show restoration of normal activity by in vitro add-back of the wild type protein (see Example 2 below).
EXPRESSION OF GENE PRODUCTS OF INTEREST FROM REGULATED PROMOTERS
Introductory comments
The representation of any protein in the assembly extract can potentially be manipulated by regulating its expression in vivo. This provides a convenient approach for testing the effect on assembly of either depleting a protein from an extract or of complementing an extract with a protein of interest.
Example 1: a depletion experiment (7)
The dependence of assembly-driven supercoiling on histone H4 was demonstrated using a strain in which H4 expression is driven by the GAL1-10 promoter. Cells were harvested before and after the shift from inducing (galactose) to repressing (glucose) culture conditions. Supercoiling was efficient in extracts from cells harvested under inducing conditions, but significantly impaired in H4-depleted extracts obtained from cells harvested after culture under repressing conditions. This demonstrated the dependency of supercoiling on histone H4. Example 2: a complementation experiment (27) The capacity of DNA topoisomerase II to provide the relaxing activity required for efficient assembly of closed circular plasmid DNA was tested by complementing a topoisomerase-deficient extract with wild type topoisomerase II expressed from the GAL1 promoter. A TOP1 deletion strain harboring a ts allele of top2 was transformed with a plasmid expressing the TOP2 gene under the control of the GAL1 promoter. Galactose induction of this strain restored assembly-driven supercoiling in vitro. The in vitro equivalent of this experiment, add-back of wild type topoisomerase II to extract from top2 ts cells, also complemented the assembly phenotype. These experiments demonstrated that topoisomerase II alone can promote efficient chromatin assembly.
CONCLUDING COMMENTS
The in vitro system described here is expected to provide continued opportunities for biochemical analysis of chromatin assembly using yeast mutants whose chromatin metabolism has been altered by genetic manipulation. The extract upon which this system is based preserves several regulatory mechanisms that may be important components of signaling pathways involved in transcriptional regulation. For example the activation of TATA binding protein by casein kinase II (31) and the regulation of pol I and pol III transcription by the TOR (target of rapamycin) kinases (32) have been reproduced using the extract. These results encourage us to believe that the regulation of chromatin assembly will be amenable to analysis using this system. Biochemical characterization of the chromatin assembly and nucleosome remodeling factors that are active in the system should also contribute to a clearer understanding of how DNA packaging is regulated in eukaryotes. (2) is evident at the 5 min time point only and is not sharply defined. The dinucleosome and a subnucleosomal fragment ( * ) generated at the early time point have essentially disappeared by 40 min, whereas the mononucleosome persists. The horizontal arrow indicates the direction of electrophoresis. Profiles of scans from autoradiograms were plotted using NIH Image 1.55 software. 
Inhibitor
